23 24 25 26 27 235 Achromobacter sp., Bs for Bacillus subtilis, Cf for Citrobacter freundii, Csp for Citrobacter 236 sp., Ea for Elizabethkingia anophelis, Ec for E. coli, Ecc for E. cloaceae complex, Ka for 237 Klebsiella aerogenes, Km for Klebisella michiganensis, Ko for Klebsiella oxytoca, Kp for K. 238 pneumoniae, Kq for Klebsiella quasipneumoniae, Kv for Klebsiella variicola, Mm for 239 Morganella morganii, Pa for P. aeruginosa, Pm for Proteus mirabilis and Psp for 240 Pseudomonas sp. 241 242 243
Abstract 28 Carbapenemases inactivate most β-lactam antibiotics, including carbapenems and have 29 been frequently reported among Enterobacteriaceae, Acinetobacter spp. and 30 Pseudomonas spp. Traditionally, the horizontal gene transfer of carbapenemase- 31 encoding genes (CEGs) has been linked to plasmids. However, given that integrative and 32 conjugative elements (ICEs) are possibly the most abundant conjugative elements 33 among prokaryotes, we conducted an in silico analysis to ascertain the likely role of ICEs 34 in the spread of CEGs among all bacterial genomes. We detected 7457 CEGs, of which 35 224 were located within putative ICEs among several clinically-relevant bacterial species 36 (including Klebsiella pneumoniae, Escherichia coli, Citrobacter freundii, Enterobacter 37 hormaechei and Pseudomonas aeruginosa). We also identified a Bacillus subtilis strain 38 with an NDM-1-encoding ICE. Most CEGs detected within ICEs belong to the KPC, IMP 39 and NDM families and different mechanisms were likely responsible for acquisition of Given that ICEs were identified in most bacterial clades and were proposed to be more 86 prevalent than conjugative plasmids [6], we conducted an in silico analysis to explore 87 the distribution of CEG-bearing ICEs among all sequenced bacterial genomes. Our results 88 demonstrate that CEG-bearing ICEs mainly belong to three MPF families and are 89 primarily located in several bacterial pathogens. Our analysis highlights the importance 90 of thoroughly investigating these elements as important vehicles for the spread of 91 antibiotic resistance (AR), particularly to carbapenems. 
Results

135
Carbapenemase-encoding genes are mainly found in Gram-negative bacteria 136 We retrieved a total of 107,887 bacterial genomes from NCBI and we identified 7457 137 CEGs belonging to 33 beta-lactamase families among 7343 genomes ( and GES-types ( Figure 1B) . In addition, we observed that several CEGs (such as blaSPM-1) 147 have a narrow host range and were only identified within strains belonging to the same MGEs (Table S3 and Table S4 ). Of these, 224 putative ICEs were predicted. The The bacterial hosts housing these elements belong to more than 70 sequence types 181 (STs), of which the K. pneumoniae ST258 is the most frequently represented (Figure 3   182 and Table S3 ). Table S3 . 210 We identified 20 CEG variants among the 251 hits, dominated by blaKPC-2, blaKPC-3, blaIMP-211 1 and blaNDM-1, and rare descriptions of blaKPC-4, blaIMP-10/13, blaVIM-1/34, blaDIM-1, blaSPM-1 212 and blaOXA-23/48/181 (Figure 4 and Table S3 ). KPC-encoding ICEs although mostly observed 213 in Klebsiella spp. were also identified in E. coli, Enterobacter spp., Citrobacter spp. and 214 Aeromonas spp. IMP-encoding ICEs were restricted to Enterobacter spp. and 215 Pseudomonas spp. 216 The blaKPC-2/3 genes were spread mainly by MPFT and MPFG classes (Figure 2) . We noted (Figure 2 and 4 and Table S3 ). This is the only situation where we found a CEG- Acinetobacter sp., Aersp for Aeromonas sp., Ah for Aeromonas hydrophila, Asp for 244 Besides genes conferring antibiotic resistance, some of the CEG-bearing ICEs harbor 245 other cargo genes that may confer a selective advantage to the ICE host, as bacteriocins 246 and restriction-modification systems. We identified class III bacteriocins among 6 K. 247 pneumoniae ST258 strains and associated with MPFF and MPFT classes (Figure S1 and 248 swapped conjugation modules along their evolutionary history [6] . We believe that a 312 more thorough exploration of this issue, especially regarding the precise delimitation of 313 ICEs, will be an important further step toward an improved understanding of the 314 contribution of these elements to bacterial adaptation and evolution of AR. 315 While we have chosen to focus on CEG-bearing genomes, our computational approach 316 can be applied to trace other relevant AR genes and other cargo genes that may confer 317 a selective advantage to the ICE host. Leveraging knowledge linking the accurate 318 prediction of ICE sequences to the carriage of AR genes, will not only improve our 319 understanding of HGT, but may also uncover potential approaches to tackle the spread 320 of AR. 321 322
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A variable repertoire of CEG-bearing integrons and transposons target ICEs
Acquisition of additional traits by ICEs include competitive weapons as bacteriocins
